This is the second semiannual report on the determination of the heat of formation from the elements of phosphoric oxide, P 4 0 1 o(c), in a bomb calorimeter. The first report, which covered the period June 1 to November 30, 1962, contained descriptions of the bomb calorimeter, the operation of the calorimeter, the measurement of temperature, and the calibration of the calorimeter with standard benzoic acid. Results were reported for the combustion of phosphorus that had been purified by a wet-chemical method (1) and sealed in thinwalled glass ampoules, and of phosphorus coated with a film of Lucite.
Combustions of phosphorus in glass ampoules were not satisfactory because part of the glass entered into the combustion chemistry. Phosphorus purified only by the wet-chemical method was used to establish satisfactory conditions of combustion.
Combustion of Distilled Phosphorus with Lucite Coating
Phosphorus purified by the wet-chemical method was vacuum distilled in a glass apparatus at about 1500 C. A portion of the distilled phosphorus was caught in a 9-mm. glass tube and allowed to solidify under vacuum. The glass tube was sealed, separated from the still, and opened under water; the stick of phosphorus was removed and sliced into sections that weighed 0.6 gram each. The distilled phosphorus was "water-white" when molten and translucent when solid. It was observed that the distilled phosphorus was affected by the laboratory fluorescent lights and developed a yellow-to-orange coating on exposure to the lights for a few hours, so that it was necessary to store the phosphorus in the dark.
The phosphorus was coated with Lucite by the procedure described in the previous report, but the rough edges on the sliced phosphorus sections made it difficult to get a Lucite covering that did not "smoke" during drying. When about half of the chloroform of the Lucite solution was replaced with acetone, the drying characteristics of the Lucite film were improved. A glass bulb of about the diameter of a phosphorus sample required about 20 hours to dry to constant weight when coated with Lucite from a chloroform solution, but when half of the chloroform in the Lucite solution was replaced with acetone, a coated glass bulb dried in 3 hours. When weighed phosphorus samples were taken from water and dipped successively in acetone, chloroform, and the chloroform solution of Lucite, a faint trace of smoke was visible for an hour or more after three successive coatings with Lucite. When the chloroform dip was omitted and acetone was added to the chloroform solution of Lucite, the samples smoked only faintly for a few minutes and came to constant weight in a few hours.
The adequacy of the Lucite coating was tested by placing a coated sample, that had dried to constant weight, in the bomb for 2 hours under 30 atmospheres of oxygen. The weight of the exposed sample was the same as the initial weight, showing that the Lucite coating was impervious to oxygen.
Five samples of distilled phosphorus that were dried in a stream of deoxidized nitrogen and weighed under water were found to contain 99.96 * 0.08 per cent P 4 . The arsenic contents of two 0.5-gram samples of distilled phosphorus were below the limit of detection (0.002 mg.).
Results of 14 combustions of distilled phosphorus coated with Lucite are given in Table I .
The average value for the heat of combustion is 713.59 kcal. per mole P 4 , but the average deviation, ± 0.26 per cent, is larger than is acceptable for the determination of the heat of formation of P 4 0 1 o(c). The deviation is decreased if no correction is made for HPO 3 formation from the water from the combustion of Lucite, which indicates that the assumed formation of HP0 3 is not adequate, but there is no satisfactory substitute for this assumption. Errors of only a few milligramz in the sample weights would account for the deviations, but there is no reason to suspect the weights.
A plot of the values for A Ec (substance), the total calories developed in the combustion without corrections for impurities, against the total combustibles (phosphorus and Lucite) is a straight line for which the equation is ZA Ec(Sub.) = 107.88 -5937.97 L(sub..7 with a deviation of 1 0.22 per cent. A plot of the corrected temperature rise against the total combustibles also is a straight line which is represented by the equation
with an average deviation of 2.7 millidegrees. The deviations from both equations include the observed deviations in the calculated heats of combustion listed in Table I . Other attempts to correlate the observed spread in measured heats of combustion with the impurity contents also failed to improve the calculated values. (Table I) were analyzed on the mass-spectrometer at the CBR Agency, Research and Development Laboratory, Edgewood Arsenal.
Calibration standards were not available for these mixtures, so that only the relative peak intensities were reported. The results are listed in Table II ; the original report of the analyses is attached as an appendix to this report. 
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Chromatographic analysis of the cylinder oxygen and the oxygen from a bomb that had gone through the normal flushing and filling procedure to 30 atmospheres pressure for a bomb initially containing air at 1 atmosphere showed significantly less than 1 per cent nitrogen in both samples.
The weights of Lucite-coated phosphorus in runs 61 and 62 were essentially the same, so that the relative intensities of oxygen in the combustion gases should have been about the same.
The weights of Lucite in the three runs were 5, 3, and 1 mg., respectively, and the combined C0 2 plus CO from these runs should have been in the same order.
The presence of even traces of carbon monoxide in the combustion gases indicates incomplete combustion of the Lucite.
The gases from the first eight combustions of Lucite-coated phosphorus were shown by a Mine Safety Appliances carbon monoxide detector to contain no carbon monoxide.
The gases from runs 60, 61, and 62 were not tested.
The possibility that a systematic error developed in the calorimetric technique was explored by calibrating the bomb again with benzoic acid after the results in Table I were calculated.
The result of 5 calibrations was 2278.18 (* 0.03%) calories per degree, a value slightly less than that (2280.129 cal./degree, * 0.019%) obtained in the original series of calibrations because a small amount of metal had been machined from the bomb in preparation for the attachment of an oxygen jacket. The results in Table I were obtained before the b-mb was machined.
The consistency in the results of the two calibrations indicated that the observed deviations of the values listed in Table I resulted not from errors in the calorimetric measurements but from variations in the chemistry of the combustion process--either some of the assumed side reactions did not occur, or unknown side reactions took place.
Jacketed Combustion Bomb
Nuttall, Wise, and Hubbard (I) of the Argonne National Laboratory modified a bomb for the combustion of organic compounds in an atmosphere of fluorine by placing a double-walled jacket around the bomb.
The jacket was filled with fluorine under a pressure of about 150 p.s.i., and the fluorine was admitted to the bomb through a quick-opening valve to supply a pressure of 50 p.s.i. of fluorine in the bomb.
Our bomb was modified similarly, with the assistance of shop drawings supplied by the Argonne National Laboratory (except that the wall thickness of the jacket was increased to permit a working pressure of 600 p.s.i. (40 atm.) of oxygen Tressure in the jacket), so that uncoated phosphorus could be placed in the bomb in an inert atmosphere, and oxygen could be admitted for the combustion when thermal equilibrium was attained.
This modification is intended to eliminate the undesirable water that is formed by combustion of the Lucite on coated phosphorus samples.
The Jacketed bomb is shown in Figure 1 . The jacket valve and packing gland and the seal ring in the combustion chamber failed to function properly because of the high pressure.
When the packing gland on the jacket valve was tightened sufficiently to hold the increased oxygen pressure, the valve would not operate smoothly. The valve was closed by a screw which pushed against the hinge of a knuckle joint to which the valve stem was attached.
When the screw was backed off, the gas pressure was supposed to open the valve by bending the knuckle joint. It was necessary to double the thickness of the knucklejoint members and to provide a positive connection between the joint and the screw and its driving pulley whoel, so that the valve was pulled open when the screw was backed out. The valve is closed by tightening the pulley wheel with a small torque wrench, so that the pressure on the valve seat is the same each time the valve is closed.
FIGURE I COMBUSTION BOMB WITH OXYGEN JACKET
The neoprene seal ring in the original combustion bomb was seated by the internal gs pressure.
This arrangement was satisfactory when the bomb was filled from an oxygen cylinder, as the gas lost before the internal pressure seated the seal ring was of no consequence. With the oxygen jacket on the bomb, however, a leak could not be tolerated, because the degree of cooling of the oxygen when it expanded from the jacket to the bomb depended on the final pressure in the bomb. The original screw cap on the bomb was modified by addition of a brass tension ring fitted with 8 stainless steel setscrews. With this arrangement, the seal ring was set at 1 atmosphere pressure, and there was no leakage when the oxygen was released into the bomb.
The volume of the bomb was 338.1 cc., that of the oxygen jacket to the valve seat 172.7 cc., and that of the interconnecting fittings and gas space 2.9 cc.; the total expanded volume was 513.7 cc.
Combustion of Phosphorus in Jacketed Bomb
Four trial combustions of phosphorus in the Jacketed bomb appeared to be essentially complete, but there were small amounts of a yellow-to-orange deposit.
The phosphorus for these trial combustions was weighed in water, dried in a stream of deoxidized nitrogen, and loaded into the bomb in a glove bag in an atmosphere of nitrogen. For the final combustion, the phosphorus still will be modified to produce dry phosphorus pellets in small glass bulbs. The weight of the phosphorus sample will be determined by recovering and weighing the glass bulb after it is opened in a dry-box.
There was some indication in these trial combustions that an oxide of platinum had formed on the 20-gage platinum wire on which the samples were suspended in the bomb.
In combustions with Lucitecoated phosphorus, the ignition of the Lucite coating apparently melted the phosphorus which dropped free of the wire before any significant combustion of the phosphorus occurred.
With the uncoated phosphorus, the combustion appears to start at or near the platinum wire with considerable heating of the wire.
Before any measured combustions of phosphorus are made, the energy of ignition and the heat of expansion of the oxygen will be measured, and the system will be calibrated with standard benzoic acid.
Since, under the usual conditions of combustion, nitrogen is assumed (2) to obey the same P-V-T relations as oxygen, whereas helium (1) is significantly different, it will simplify the conversion of the gas to standard conditions if nitrogen is used as the inertA atmosphere, unless the formation of oxides of nitrogen becomes objectionable.
Four measured expansions of oxygen in the Jacket at 40 atmospheres pressure into the combustion bomb gave a temperature drop of 5.28 * 0.12 millidegrees.
Six measurements of the ignition of 5 inches of 30-gage platinum fuse wire gave a temperature rise of 0.38 * 0.12 millidegrees.
The calories equivalent to these temperature changes will be determined when the bomb is calibrated with benzoic acid.
Further Work
The determination of the heat of combustion of phosphorus will be completed under an extension (Contract RFP-129, Amendment 1660.1) of the present contract.
The extended contract will cover, in addition to determination of the heat of formation of P 4 0 1 o(c), one or more of the following determinations: heat of formation of phosphorus trichloride; heat of formation of a phosphonate; heat of formation of liquid phosphorus oxychloride; heat of formation of a phosphorus sulfide, such as phosphorus thiochloride; and heat of reaction of phosphorus trichloride or oxychloride with an alcohol.
